INTRODUCTION
In animal cells, mitochondrial DNA (mtDNA) is replicated by the DNA polymerase g (pol g) complex consisting of a large catalytic subunit of 140 kDa (p140) and a smaller accessory subunit of 55 kDa (p55). The human p140 catalytic subunit, encoded by the POLG gene on chromosome 15, contains the DNA polymerase activity, a 3 ′ -5 ′ exonuclease required for proofreading and a 5 ′ -dRP lyase activity required for singlenucleotide base excision repair (1) . The fidelity of DNA synthesis by the catalytic subunit is highly faithful, making less than one error per 250 000 nucleotides incorporated (2) . The human p55 accessory subunit is encoded by the POLG2 gene on chromosome 17 and promotes highly processive DNA synthesis and enhanced DNA binding for pol g (3) . One consequence of increased processivity offered by the accessory subunit is a 25% increase in single-nucleotide misincorporation events (2) . The accessory subunit is not required for in vitro polymerase activity by the catalytic subunit (3).
The crystal structure of the mouse p55 accessory subunit revealed a tight homodimer complex of 110 kDa (4) . Physical and functional experiments have demonstrated that the human p55 homodimer binds with one p140 catalytic subunit to form the heterotrimeric holoenzyme (5) . The crystal structure of the human Pol g heterotrimer revealed that the p55 dimer binds the catalytic subunit in an asymmetric fashion. Multiple contacts are made between the p140 and the proximal p55 subunit, while only a single salt bridge is made between a residue of the distal p55 monomer and p140 (6) . The proximal p55 subunit appears to strengthen the interaction of the complex with DNA, while the distal p55 subunit accelerates nucleotide incorporation (7) .
The accessory subunit gene is not conserved throughout eukaryotes as evident by its absence in some single-celled eukaryotes and the multicellular nematode, Caenorhabditis elegans (8) . While Polg2 is conserved in metazoans, its presence is sporadic among other eukaryotes, thus raising the question of its relative importance regarding mtDNA replication. The dispensable characteristic of p55 for in vitro polymerase activity, the reduced fidelity associated with Pol g harboring the p55 dimer and the lack of evolutionary conservation suggest that p55 may not be essential for mtDNA replication. On the other hand, studies in a Drosophila Polg2 knockout (KO) revealed a failure to develop beyond the pupal stage, suggesting an essential role of Polg2 in animal cell mtDNA replication (9) . In further support of POLG2 being essential in mtDNA replication, patients with mutations in POLG2 are heterozygous, and these mutations are associated with mitochondrial disease (8) .
Defects in mtDNA replication lead to a number of debilitating and life-threatening diseases (10) (11) (12) . Mutations in the POLG gene can cause depletion of mtDNA, such as in myocerebrohepatopathy spectrum disorder and Alpers syndrome, or cause deletions in mtDNA associated with progressive external ophthalmoplegia (PEO), ataxia neuropathy spectrum disorders or myoclonus epilepsy myopathy sensory ataxia (13) . To date, nearly 200 different types of pathogenic POLG mutations have been described in the literature (http ://tools.niehs.nih.gov/polg/), and mutations in POLG represent one of the most common genetic causes of mitochondrial diseases. It has been calculated that 2% of the general population are heterozygous carriers of POLG pathological mutations (14) .
Diseases associated with mutations in POLG2 have not been investigated as extensively as those in POLG. The first described POLG2 mutation was documented in a patient with late-onset autosomal dominant PEO (adPEO) with multiple mtDNA deletions caused by a single heterozygous G451E (c.1352G.A) variant that compromised the ability of the accessory subunit to associate with the catalytic subunit, and hence, failed to stimulate processive DNA synthesis (15) . The second identified POLG2 mutation also involved a late-onset adPEO patient with mtDNA deletions and harbored a c.1207-1208ins24 mutation, causing missplicing and skipping of exon 7 (16) . More recently, in a cohort of 112 patients with mitochondrial disease with no POLG mutations, eight heterozygous mutations in POLG2 were identified of which seven were novel (17) . Biochemical analysis of these seven p55 variants revealed that four were similar to wild-type (WT), but two variants, P205R and R369G p55, had reduced stimulation of processivity and decreased affinity for the catalytic subunit (17) . One variant, L475DfsX2, resulted in a premature stop codon that truncates 10-carboxyl-terminal amino acid residues and was generally unstable and unable to bind either the catalytic subunit or double-stranded DNA. Patients harboring P205R and L475DfsX2 variants had early age-of-onset disease, suggesting POLG2-related disorders include both early-and late-onset (PEO) mitochondrial disorders. The failure to enhance processivity in the catalytic subunit by these mutant variants presumably causes the complex to stall during mtDNA replication. Stalling during replication is consistent with the accumulation of mtDNA deletions found in PEO patients harboring POLG2 variants G451E and R369G (15, 18) . In order to determine the requirements of the Polg2 gene in mammalian systems, we generated a Polg2 KO mouse, characterized mitochondrial ultrastructure, determined mtDNA content, evaluated for mtDNA deletions, assessed cytochrome c oxidase I (COXI) activity, conducted extensive pathology and measured transcript levels of genes associated with mtDNA replication in the Polg +/ + , Polg +/ 2 and Polg 2/2 animals.
RESULTS

Generation of Polg2 knockout mice
The C-terminus of the accessory subunit includes the domains responsible for dimerization, DNA binding, the ability to bind to the catalytic subunit (6), and is highly conserved between human and mouse (Supplementary Material, Fig. S1 ) (4). In our model, the Polg2 gene was disrupted in a C57/B6 mouse using the cre-loxp recombination system (Fig. 1A ) (19 ). The Polg2 loxp/loxp male mice were then crossed with ubiquitously expressing cre female mice (Sox2-cre) resulting in a cre-mediated excision of exons 5-7 of the Polg2 gene in the pups generated from this cross. The resulting genotypes were confirmed via PCR. Further evidence of gene disruption was obtained by extracting total RNA from the kidneys of adult Polg2 heterozygous mice, and using traditional reverse transcriptase PCR methods to identify the expected 324 bp deletion in Polg2 transcript (Fig. 1C) . The internal deletion of the mRNA results in the loss of functional p55 domains, and we predict that this will inactivate the protein.
Characterization of adult Polg2 heterozygous mice
The Polg2 heterozygous mice were monitored until 2 years of age and no distinguishable differences were found from the WT controls in life span or health. Body weights of the Polg2 +/2 mice were measured at 40 weeks of age and 2 years of age with no significant differences from the agematched WT mice (Supplementary Material, Table S1A ). Relative liver weights were determined at 2 years of age again with no difference from the WT controls (Supplementary Material, Table S1B ). Extensive histopathology and clinical pathology (Supplementary Material, Tables S2 -S5) were conducted on 2-year-old Polg2 heterozygous mice with individual differences noted, but they were not consistent nor attributable to the loss of one copy of the Polg2 gene (Supplementary Material, data). In addition, electron microscopy (EM) was used to examine the ultra-structural features of heart tissue of 1-year-old Polg2 +/2 mice, and again no differences were found from the WT (Supplementary Material, Fig. S2 ).
To investigate any effects on mtDNA replication due the loss of half of the WT transcript level of Polg2, we used quantitative PCR (qPCR) to determine the mtDNA content in brain, heart, liver and muscle tissues of adult heterozygous animals. Whole tissue lysates were used to measure the copy number of
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Human Molecular Genetics, 2013, Vol. 22, No. 5 mtDNA using primers and probes that target a mtDNA gene outside of the arc of common insertions and deletions, Nd1. We first measured mtDNA in each of the four tissues at 40 weeks of age in three animals of each genotype and found no change in the mtDNA content of Polg2 +/2 tissues from their age-matched WT counterparts (Fig. 2) . We repeated this analysis at 1 year of age with an increased sample size of 10 animals for each genotype, and again found no statistical difference in the mtDNA content from the WT levels in any of the tissues (Fig. 2) . At 2 years of age, mtDNA measurements were repeated in brain, heart, liver and muscle tissues with an even greater number of samples (n ¼ 21), and the results were similar to the earlier time points (Fig. 2) . Although, there were large individual differences in the mtDNA content measured, these differences existed in both the WT and the Polg2 +/2 tissues. In summary, there was no significant difference (P . 0.05) found in the mtDNA content of brain, heart, liver and muscle tissues compared with the corresponding tissues in age-matched WT mice.
Additional molecular mtDNA parameters were measured such as transcript levels of genes associated with mtDNA replication (Supplementary Material, Fig. S3 ) and mtDNA deletions (Supplementary Material, Figs S4 and S5). Again, there was no statistically significant difference seen in any of these studies between the Polg2 +/2 and age-matched WT control mice (Supplementary Material, data). In conclusion, the heterozygous Polg2 mice are haplosufficient with no differences in histology, clinical pathology, mitochondrial ultrastructure, mtDNA content, mtDNA deletions or gene expression associated with mtDNA replication.
Polg2 homozygous knockout is embryonic lethal
Interbreeding Polg2 +/2 mice generated Polg2 homozygous KO mice. The analysis of 251 pups from a total of 40 litters resulted in a genotype ratio for the Polg2 gene of 68% heterozygous (Polg2 +/2 ), 32% WT and a complete absence of homozygous KOs (Polg2 2/2 ). The absence of Polg2 +/2 mice further confirms the KO of the three critical exons. Using RT-PCR, we amplified a fragment that spanned exons 4-8 of the Polg2 gene from total RNA isolated from kidney. The WT cDNA yielded a 660 bp band, and the genetically altered transcript with the deletions of exons 5-7 yielded a 336 bp amplicon.
pups indicated a possible embryonic lethal phenotype. Working back through the various stages of development, beginning with embryonic day (E) 18.5, structurally intact albeit non-viable Polg2 2/2 embryos were first observed at E9.5 (Fig. 3) . Somite counts for viable, turned WT littermates ranged from 13 to 19; both the somite counts and the turned status corresponded with a gestational age of E9.5 (20, 21) . Developmental arrest of non-viable Polg2 2/2 embryos was observed in these litters as evidenced by the presence of unturned embryos with eight somites, this provided sufficient evidence to conclude that lethality occurred at approximately gestation day E8.0 -E8.5. (Fig. 3) . In order to confirm that the non-viable embryos were Polg2 2/2 , serial frozen sections of implanted, intact E8.5 embryos (Supplementary Material, Fig. S6 ) were extracted from the deciduum by laser capture microdissection (LCM) and genotyped by PCR. The H&E-stained slide was evaluated for histopathological changes. The WT and Polg2 +/2 embryos were morphologically similar, with nucleated red blood cells (RBCs) present in the E8.5 unturned conceptus indicating continued embryo viability. Most of the Polg2 2/2 embryos lacked nucleated RBCs, again denoting a nonviable conceptus in which developmental arrest had occurred at approximately E8.0 -E8.5 (20) . Tissue necrosis was extensive in the non-viable embryos, which correlated with their grossly pale and friable appearances.
Mitochondrial dysfunction in Polg2
2/2 embryos
To assess mitochondrial function in E8.5 Polg2 2/2 embryos, a histochemical stain was employed on serial frozen sections to detect the presence or absence of the COXI enzyme, a subunit of cytochrome c oxidase, uniquely encoded by the mtDNA. COXI staining of intact embryos enveloped in the maternally derived deciduum revealed a complete lack of COXI activity in the Polg2 2/2 embryos, in contrast to the widespread staining of WT conceptuses (Fig. 4) . The complete absence of COX1 activity in the Polg2 2/2 embryos implied respiratory-chain failure. Homogenous positive staining was observed in the maternal decidual tissue of Polg2 2/2 , which was identical to the pattern in the WT control decidua.
To further investigate mitochondrial dysfunction in the Polg2 2/2 embryo, we used EM to study the ultrastructures of the mitochondria in the E8.5 embryonic tissues. Using EM (at a magnification of ×11 500), there was a noticeable increase in fatty droplets and swollen cristae in the Polg2 2/2 compared with the WT (Fig. 5A and C) , which may indicate a disruption in the oxidation of long-chain fatty acids. At an even greater magnification (×20 500) of the KO, the overall morphology of the mitochondria was altered with a noticeable formation of inner-compartmentalized structures and the lack of organized cristae ( Fig. 5B and D) . At ×43 000 (Fig. 5E) , a disruption of the mitochondrial outer and inner membranes was revealed, and the aberrant mitochondria morphology of the KO was further pronounced.
To determine the effect of the Polg2 KO on mtDNA replication, we measured the mtDNA content using qPCR on Polg2 2/2 embryo samples. LCM was used to discern embryonic from maternal tissues, and whole tissue lysates were used in a qPCR assay. The mtDNA content was normalized to the nuclear gene, Actin, and expressed as the mean relative copy number. The WT (n ¼ 4) and Polg2 +/2 (n ¼ 4) embryos at day E8.5 were very similar in mtDNA content ranging from 131 to 236 copies per cell relative to Actin (Fig. 6 ). The Polg2 2/2 KO embryos (n ¼ 7) had significantly less mtDNA (P ≤ 0.001) relative to the WT ranging from 0.5 to 2 copies (Fig. 6 ). The few residual copies in the KO may be maternal mtDNA that originated from the oocyte.
DISCUSSION
Abundant evidence exists to show that pol g is essential for mtDNA replication. Deletion of the yeast pol g gene (MIP1) results in 100% petites and concomitant loss of mtDNA (rho 0 cells) (22) . Chemically induced mutations in the pol g catalytic subunit in Drosophila disrupt larval behavior and cell growth, and result in reduced mitochondrial mass (9) . A mouse KO of the catalytic subunit, Polg, resulted in embryonic lethality at day 7.5 -8.5 post coitis (p.c.) with subsequent loss of mtDNA (23) . Moreover, there are numerous citations involving clinical patients with severe mitochondrial diseases, such as Alpers and PEO, which can be attributed to mutations in the catalytic subunit (10-12). Conversely, there has been only one animal model, Drosophila, that has described the importance of the gene Polg2 encoding the accessory subunit of polg. In addition, there have been 19 mutations and single nucleotide polymorphisms in POLG2 identified in clinical patients.
In our mouse model, the Polg2 gene is haplosufficient. While the homozygous mice were embryonic lethal, the heterozygous Polg2 mice appeared normal at birth and progressed to 2 years of life with no noticeable symptoms. To evaluate the biochemical and physiological effects of gene dose, WT and heterozygous mice were sacrificed at 40 weeks, 1 and 2 years followed by extensive analysis of pathology, clinical pathology and molecular genetics. MtDNA Figure 2 . Determination of the mtDNA content in tissues. qPCR analysis was used to determine mtDNA levels in brain, heart, liver and muscle tissues of adult Polg2 +/2 animals. Data are expressed as fold change from the mean levels of WT tissues. Tissue samples were obtained at 40 weeks (n ¼ 3, blue), 1 year (n ¼ 10, green) and 2 years of age (n ¼ 21, red). No significant changes (P . 0.05) in the mtDNA content were found in any of the tissues at any ages. Error bars indicate + standard deviation.
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Human Molecular Genetics, 2013, Vol. 22, No. 5 levels, ultrastructure of the mitochondria, pathology, hematology and blood chemistry were similar to age-matched WT mice. Analysis of Polg2 transcripts in these aged heterozygotes revealed the expected 50% reduction of Polg2 mRNA levels in all tissues examined. To explore the consequence and/or compensatory mechanisms in tissues with only 50% Polg2 message levels, we measured the expression levels of key nuclear encoded mtDNA maintenance proteins. No difference in expression was seen in any of the following transcripts: Polg, mtRnap, Tfam, Twinkle, mtSsb, Tfb2or Tfb1. A homozygous KO of Polg2 in our mouse model was embryonic lethal at approximately E8.0 -E8.5. MtDNA depletion was monitored by a corresponding loss of the mitochondrial gene, Nd1. Enzymatic staining for COXI activity confirmed that mtDNA gene products were reduced in our KOs, while the corresponding WT embryonic littermates were positive for COXI activity. The loss of COXI activity has been observed in muscle biopsies of mitochondrial disease patients, such as the patients harboring the G451E and the R369G variants of POLG2 (15, 18) . A loss of mtDNA has also been reported in several patients diagnosed with Alpers (10 -12) .
Electron microscopy showed severe ultra-structural defects with the loss of cristae organization, swollen mitochondria and formation of intra-compartmental structures within the mitochondria at day E8.5 of homozygous Polg2 KO mice. These aberrant morphologies in mitochondria were similar to those described in a DNA ligase III conditional KO (24) and Death-associated protein-3 (dap3) KO mouse models (25) . DNA ligase III has a role in mtDNA replication and repair. Similar to what we observed in our Polg2 2/2 embryos, the mitochondria of the DNA ligase III KO also exhibited the formation of inner-compartmental structures, swelling and disorganized cristae (24) . The Ligase III conditional KO mice were born normal, but within 20 days developed mitochondrial dysfunction and ultimately died as a result. A second example of aberrant mitochondrial morphology similar to that of the Polg2 2/2 is in the homozygous KO of the gene that encodes dap-3, which is a GTP-binding protein that has been implicated in the synthesis of intramitochondrial proteins and in apoptosis (25) . The dap3 KO was embryonic lethal at day 9.5 p.c., with decreased levels of COXI protein, and the EM analysis of the mitochondria revealed an abnormal morphology with swollen cristae (25) . Additionally, the EM analysis of the homozygous Polg2 KO revealed an accumulation of lipid droplets in developing embryonic tissue that were not present in the corresponding WT littermates. This phenotype may be indicative of disruption of mitochondrial fatty acid oxidation (b-oxidation). Disruption of mitochondrial function has been associated with lipid accumulation in the liver of some HIV patients taking nucleoside reverse-transcriptase inhibitors (26) .
The POLG2 protein has not been found in single-cell eukaryotes such as Saccharomyces cerevisiae, nor is it present in the multicellular eukaryote C. elegans, which precludes genetic studies in these systems (8) . The lack of Polg2 in some lower eukaryotes, and its existence as a monomer in some insects has hindered the development of research models to study Polg2. In animal cells, the catalytic subunit forms a complex with the accessory subunit protein. In Drosophila, where the accessory subunit exists as a monomer (27, 28) , the disruption of the accessory subunit gene results in normal embryo and larval development, but causes lethality during early pupation with a loss of mtDNA (9) . In mammalian cells, the accessory subunit exists as a dimer to form a heterotrimer complex with the catalytic subunit. Our novel Polg2 mouse model provides an excellent system to study the accessory subunit.
Mature oocytes in mice contain 100 000 -250 000 copies of mtDNA per oocyte (29) . Upon fertilization and cell division, this number is progressively diluted to ,200 copies of mtDNA per cell until mtDNA replication is initiated post implantation and in concert with cell differentiation around embryonic day 7.0 (30). The Polg, Tfam and Ligase III KO mice models demonstrate the importance of the onset of mtDNA transcription and replication for embryogenesis. The Polg and the Tfam KO mice were embryonic lethal at days 8.5 and 11.5, respectively, and both demonstrated severe mtDNA depletion and respiratory-chain defects (23, 31) . DNA ligase III plays a role in mtDNA replication and repair in mitochondria, and the ablation of this gene in mouse resulted in cell death at day E9.5 p.c. The conditional KO of Ligase III in the central nervous system of mice resulted in death at 2 weeks of age with associated loss of mtDNA and abnormal mitochondria (24) . Interestingly, the heterozygous mice of the Polg, Tfam and Ligase III models were haplosufficient, as is the case with the Polg2 +/2 model. Our Polg2 KO model is similar to the aforementioned KO models in embryonic lethality and aberrant mitochondrial ultra-structural defects.
In summary, we have described the construction and characterization of heterozygous and homozygous KOs of the Polg2 gene in mice. Homozygous Polg2 KOs are embryonic lethal at days 8.0 -8.5 p.c., while the heterozygous mouse was asymptomatic through 2 years of age. The inability to replicate mtDNA in a Polg2 2/2 embryo resulted in abnormal mitochondrial morphology, the loss of COXI activity, delayed development and ultimately embryonic death. Although not a true mitochondrial disease model, these data demonstrate the essential role of Polg2 in mtDNA replication, mitochondrial function and mammalian embryonic development, and suggests a more fundamental role of Polg2 not only in mtDNA elongation, but also in mtDNA replication initiation and distribution. This suggestion is consistent with the idea that POLG2 may play a role in the recruitment of other proteins to the D-loop for initiation of mtDNA replication and the distribution of mtDNA within nucleoids (32) . Our novel KO mouse has demonstrated the importance of the Polg2 gene in vertebrates, and now affords us the opportunity to construct conditional Polg2 KO mice with tissue specificity at various stages of development, as well as to explore environmental factors that compromise mitochondria in the heterozygous Polg2 mice. The evidence that Polg2 is essential in mammalian systems may also lead to the development of a true mitochondrial disease model harboring a heterozygous missense mutation in the Polg2 gene.
MATERIALS AND METHODS
Animals
The generation of a cre-mediated Polg2 KO mouse on a C57/ B6 background strain was contracted out to Xenogen (now Caliper Life Sciences). The loxP sites were introduced into the genome of ES cells, as previously described (19) . Neomycin selection was used for the identification of ES cells that had undergone homologous recombination. Southern blots were used to confirm the homologous recombination in ES cells. The resulting loxP-flanked Polg2 heterozygous mice were shipped and held in the NIEHS animal facility in accordance with an approved animal study and NIH guidelines for the care and maintenance of experimental animals. Mice were provided food and water ad libitum and held under a 12 h light -dark cycle. 
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Disruption of Polg2 via cre-loxP recombination
The loxP-flanked Polg2 heterozygous mice (Polg2 +/loxp ) were crossed to generate a homozygous floxed (Polg2 loxp/loxp ) mouse. The Polg2 +/loxp and Polg2 loxp/loxp mice were healthy and fertile, and had a normal life span, which indicated that the insertion of the loxP sites had no adverse effects on the animals. The Polg2 loxp/loxp male mouse was crossed with a heterozygous ubiquitously expressing cre-recombinase female mouse (Sox2-cre, Jackson Laboratory) allowing for the cremediated excision of Polg2, exons 5 through 7.
Whole tissue lysates for genotyping and qPCR
Whole tissue lysates generated from ear punch tissue were used for genotyping. In addition, whole tissue lysates generated from 15 mg of brain, liver, muscle and heart tissues were used in a qPCR assay for mtDNA content determination. All tissues were incubated at 988C for 1 h in 200 ml of 25 mM NaOH (Sigma) followed by a neutralization step with the addition of 20 ml of 1 M Tris (Invitrogen). Lysates were diluted 1:15 with PCR grade water (Ambion) for qPCR reactions.
mtDNA content determination
The mtDNA content was determined using qPCR. The primers and the FAM/TAMRA-labeled probe targeting the mitochondrial gene, Nd1, were designed by Applied Biosystems specifically for our needs. The endogenous control, Actin, was purchased from Applied Biosystems (catalog No. Mm00607939_s1). qPCR amplifications were carried out on an ABI PRISM 7900HT Sequence Detector (Applied Biosystems) with the following cycling protocol: 958C for 10 min, and 40 cycles at 958C for 15 s and 608C for 1 min. All reactions were done in triplicate, and 1 ml of a diluted (1:15) tissue lysate was used in each 25 ml reaction using TaqMan 2X Universal Mix (Applied Biosystems). Standard curves for both Nd1 and Actin were created by serially diluting known quantities of plasmid DNA (10 2 -10 7 copies) containing the targeted amplicon and the values were quantitated. The copy number of Nd1 relative to the copy number of Actin was employed to determine the mtDNA content. The relative standard curve method (http://www3.appliedbiosystems.com/cms/ groups/mcb_support/documents/generaldocuments/cm s_042380.pdf) was used to quantify mtDNA in tissues.
Laser capture microdissection
LCM was used to isolate E8.5 embryos from the maternally derived deciduum for genotyping. Frozen samples and formalin-fixed paraffin-embedded sample blocks were serially sectioned at 8 mm and adhered to PET foil slides. The frozen sections were fixed with 75% ethanol in diethylpyrocarbonate- Figure 5 . EM was used to analyze the morphology of the mitochondria in E8.5 embryos. (A) Mitochondria from a WT embryo seen here at ×11 500 and at ×20 500 magnifications (B), both the panels are evidence of normal morphology. In the Polg2 2/2 embryos, many mitochondria have an aberrant morphology. (C) At ×11 500 magnification, there is an increase in fatty droplets and evidence of swollen intra-cristal spaces in the KO, and at ×20 500 (D) many mitochondria have the formation of inner-compartmentalized structures, and lack organized cristae. (E) At ×43 000, the aberrant morphology of the KO is further pronounced, and evidence of outer and inner-mitochondrial membrane disruption is observed. treated water, and stained with fresh/filtered 1% Cresyl Violet acetate (Sigma), then desiccated to harvest embryonic tissue for genotyping. The MMI Cellcut w Plus (Molecular Machined & Industries, Inc.) was used for microdissection of all samples (33) . DNA was isolated using an Arcturus PicoPure DNA extraction kit (Invitrogen). Histopathology E8.5 embryos were used for COXI staining. Embryos were collected intact within the deciduum, embedded in an Optimal Cutting Temperature compound (Tissue-Tek) and frozen in the vapor phase of liquid nitrogen. Ten micrometer cryostat sections were applied to charged slides (Erie Scientific, LLC), and were stained for COXI activity, washed in water, counterstained with hematoxylin and mounted in Advantage Permanent mounting media (Axell). Staining protocols were adapted from Chen et al. (34) , and the Washington University Neuromuscular Disease Center website (http://www.neuro. wustl.edu/neuromuscular/index.html).
Electron microscopy
For EM analysis of each E8.5 embryo and heart sample, the sections were fixed in modified Karnovsky's fixative, processed, and embedded in resin blocks routinely for transmission EM. The resin blocks were sectioned at 70-90 nm, placed on Formvar copper grids, and then stained with uranyl acetate and lead citrate (35) . The grids were then examined on a FEI Tecnai 110KV TEM. Figure 6 . Evaluating the mtDNA content of Polg2 KOs. The mtDNA content of embryonic tissues was determined by using qPCR. The mtDNA target, Nd1, was normalized to nuclear target, Actin. Data are expressed as mtDNA copies relative to Actin copies per cell. There was no significant difference (P . 0.05) between the Polg2 +/+ (blue, n ¼ 4) and the Polg2 +/2 (red, n ¼ 4), ranging from 131 to 236 copies. The homozygous KO mice (n ¼ 7) showed a dramatic decrease of mtDNA copies ranging from 0.5 to 2 (P , 0.01). Error bars indicate + standard deviation.
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